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Introduction
1.1 Background
Economical and technical reasons have made automation of mobile working machines enter
the markets. The automation can increase functionality, efficiency and safety.
Figure 1.1: Wheel Loader Zettelmeyer ZL802si.
As a first step towards full automation of mobile working machines, stabilization of a
wheel loader is considered. The wheel loader, see Figure 1.1, which can carry heavy loads
in its bucket1 has the problem when traveling on uneven terrain that the vehicle starts to
oscillate. The oscillations in turn are not comfortable for the driver and could also cause loss
of cargo. The driver has to manually take care of the situation and slow down or take another
route when the road is uneven. This also demands that the driver has a lot of knowledge and
experience of such situations. Oscillations also occur when raising or lowering the bucket but
this is not investigated in this thesis.
1Explanation of this part can be found in Section 1.2.2.
1
2 1.2. DESCRIPTION OF A WHEEL LOADER
1.2 Description of a Wheel Loader
In this section the general usage of a wheel loader is described together with its design and
nomenclature. Only the relevant details are covered.
1.2.1 Wheel Loader Usage
A wheel loader can be used for a wide range of tasks. Examples of common tasks are to load
material into trucks and digging. A wheel loader is not as good at digging as an excavator
but has the advantage that it has a relatively large bucket and can move much material
at the same time. Due to this good bucket capacity a wheel loader is also often used for
transporting construction materials like bricks, metal bars and digging tools. The bucket can
normally be replaced with other tools like snowplows, pallet forks and so on.
1.2.2 Wheel Loader Design
The wheel loader considered in this thesis is a ZL802si from Zettelmeyer which is described
more in detail in [1]. It has a typical design for a wheel loader which is illustrated in Figure 1.2.
The wheel loader construction is similar to a tractor. In the front there is a boom mounted
driver tipping cylinder
2x lift cylinderwheels
bucket
boom
body
Figure 1.2: Sketch of wheel loader.
and in the end of the boom the bucket, which carries the load, is mounted. The boom angle
is actuated with two hydraulic lift cylinders, one on each side of the vehicle. There also is
a single hydraulic tilting cylinder in order to tilt the bucket in a desired angle. The tilting
cylinder is connected in a special way to the bucket which can be seen in Figure 1.2. This
construction is called Z-kinematics due to the connection looks like a Z and is used to hold
the angle of the bucket approximately constant even if the angle of the boom is altered with
the lifting cylinders.
The wheel loader does not use a steering system like in normal cars where the wheels turn
at their mounting point. Instead a so called articulated steering is used, which means that
there is a pivot point between the rear and front axle that can be hydraulically actuated in
order to steer the wheel loader. The benefit of this steering system is that the front axle can
be made solid and thus allows more load.
The wheel loader is equipped with a diesel engine which apart from propulsion also is
used for driving the pumps of the hydraulic circuits to actuate the hydraulic cylinders.
1.3. AIM OF THESIS 3
Compared to many other vehicles a typical wheel loader has no suspension system. The
wheels are directly mounted on the chassis. In the case when a suspension system was
available one could design an active suspension system that minimizes the oscillations due to
road disturbances. In this thesis a different approach is investigated by trying to compensate
for the oscillations by controlling the boom of the wheel loader.
1.3 Aim of Thesis
The aim of the project is to find out if it is possible to stabilize the wheel loader in such a
way that the two following subgoals are fulfilled when traveling on uneven terrain.
1. Inertial bucket stabilization in order to prevent cargo loss.
2. Increase comfort for driver by reducing oscillations of the vehicle itself.
The two forms of oscillations that are supposed to be damped are illustrated in Figure 1.3.
This damping should be achieved by only using the already available hydraulic system to
control the boom of the wheel loader. This means that the only measurement would be the
pressure in the lift cylinders.
The problem of oscillations due to lowering and lifting the bucket is not considered in this
thesis.
Driver
Bucket
Figure 1.3: Oscillations of the bucket and oscillations of the wheel loader body that decreases
the comfort for the driver are illustrated in the sketch.
1.4 Outline of Thesis
A description of the wheel loader, usage of a wheel loader and the aim of the project has
already been presented in this chapter.
To investigate and compare control strategies a simplified model of the wheel loader
system is derived in Chapter 2. Only the most relevant parts of the wheel loader dynamics
are modeled to be able to see what is possible to achieve in simulation before putting too
much effort in making a complete model. Simulation results from the nonlinear model is
shown in Chapter 3. Here the behavior of the system can be seen in form of how the system
states affect each other.
A test scenario for the wheel loader traveling on uneven terrain is presented in Chapter 4
which later is used to compare the performance of different strategies. The test scenario
defines a driving mode and characteristics of road disturbances due to uneven terrain.
Before any control design is done the model of the wheel loader is analyzed in Chapter 5
in order to get some insight into the system behavior and be able to choose an appropriate
control strategy. The model is analyzed at the operating point defined by the boom angle in
the test scenario.
4 1.4. OUTLINE OF THESIS
In Chapter 6 different types of linear control strategies are investigated and the perfor-
mance of these are compared. In the comparison it is taken into account that the different
strategies need more or less sensors which is an important result due to economical reasons
when using more sensors.
Lastly, the conclusions with the key messages of the thesis are presented in Chapter 7.
Also suggestions for further work are presented here.
Chapter 2
Model of Wheel Loader
A model of the wheel loader is derived to suit the control task to damp the oscillations
of the vehicle and bucket. The model is kept as simple as possible and only the most
relevant dynamics are modeled. The dynamics of the wheels coupled with a simple mechanical
construction representing the vehicle with a boom are modeled. A model of the hydraulic
system actuating the boom is also presented. In this model only the lift cylinder is considered.
The other cylinder for tilting the bucket is not included in the model. It is assumed that
the contribution of controlling this does not have a large impact on the damping of the
oscillations. The different sub models for the system are described in the following sections.
2.1 Model of Mechanical System
gm2
1y
1d 1c
gm1
2y
2d 2c
ϕ
Rl Fl
L
Bl
M
2F
1F
Figure 2.1: Simple mechanical model of wheel loader
A simple mechanical model representing the wheel loader is derived using rigid body
mechanics and is illustrated in Figure 2.1. The model of the real system is reduced to two
dimensions only, which means that the lateral dynamics is neglected. This reduction makes
sense since there is no actuator that can act sideways to reduce possible disturbances anyway.
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6 2.1. MODEL OF MECHANICAL SYSTEM
The dynamics of the wheels due to the compressibility of the tires is modeled with spring-
damper systems. Two beams are introduced, one beam for the body of the wheel loader and
one beam representing the boom which is connected to the body with a revolution joint.
The boom in the model represents all the equipment mounted on the boom as Z-kinematics,
cylinders, bucket an so on.
The road disturbances F1 and F2 act as forces on the spring-damper systems and y1 and
y2 correspond to how much these spring-damper systems are compressed. M is the torque
generated on the revolution joint due to the hydraulic lift cylinder.
In this simple model the following is neglected.
• Z-kinematics with tilting of the bucket.
• The distance between the wheel axles is not constant in reality due to the articulated
steering.
• Lateral dynamics.
• The center of gravity of the boom which is in the middle of the boom does not necessarily
coincide with the real center of gravity since with a large load in the bucket most of the
weight will be at the end of the boom. This problem could be considered by altering
the parameter lB when different loads are modeled.
• In reality when the vehicle is exposed to a road disturbance the whole vehicle will be
slightly tilted and thus there will also be movements of the spring damper system in
horizontal direction. These movements are neglected.
2.1.1 Kinematics
In order to derive a dynamic model of the system some kinematic calculations are made.
First the position ym2 , see Figure 2.2, of the body mass m2 is derived from the positions y1
β
1y 2m
y 2y
Rl
Fl
β
ϕ
Bl
1my
1mx
Figure 2.2: The movement of the center of gravity of m2 can be described with a position
deviation ym2 and the angle β.
and y2. This position is found to be
ym2 =
lF
L
y1 +
lR
L
y2
and the horizontal movement of the point is neglected. The velocity of the point is therefore
v2 = y˙m2 =
lF
L
y˙1 +
lR
L
y˙2
An expression for the angle β can be found from the below relation.
y2 − y1 = (lR + lF ) sinβ = L sinβ
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Since sinβ ≈ β for small angles the following expression is used for β.
β =
1
L
(y2 − y1)
The corresponding angular velocity ω2 is then
ω2 = β˙ =
1
L
(y˙2 − y˙1)
The kinematics for the movement of m1 are defined with the horizontal and vertical
position of m1 as shown in Figure 2.2
xm1 = lB cos(ϕ+ β)
ym1 = y2 + lB sin(ϕ+ β)
with the corresponding time derivatives
x˙m1 = −lB(ϕ˙+ β˙) sin(ϕ+ β)
y˙m1 = y˙2 + lB(ϕ˙+ β˙) cos(ϕ+ β)
which gives the velocity of the point
v1 =
√
x˙2m1 + y˙
2
m1 =
√
l2B(ϕ˙+ β˙)2 + y˙
2
2 + 2lB y˙2(ϕ˙+ β˙) cos(ϕ+ β)
The angular velocity is
ω1 = ϕ˙+ β˙
2.1.2 Dynamics
With help of the kinematics derived in the last subsection it is now possible to describe the
dynamics of the mechanical system. Lagrange’s equations of the second kind [2] are used to
derive the equations of motion of the described system. In order to use the Lagrange equations
the motion of the bodies of the system must be described with generalized coordinates q. In
this case the generalized coordinates are selected as
q =
 y1y2
ϕ

to fully describe the system. Lagrange’s equations are defined as follows
d
dt
(
∂L
∂q˙
)
− ∂L
∂q
= Q
where L is the Lagrangian which is defined as the difference of the kinetic energy T and the
potential energy U of the entire system.
L(q, q˙) = T (q, q˙)− U(q)
The vector Q is in this case
Q =
 F1F2
M

and represents the generalized forces that are acting on the corresponding generalized coor-
dinates.
The dampers can not be modeled with Lagrange’s equations of the second kind so these
are neglected, but are easily added afterwards to the resulting differential equations.
8 2.1. MODEL OF MECHANICAL SYSTEM
The expression for the kinetic energy in the system is divided into one term of translational
energy and one term of rotational energy. The expression for the kinetic energy will thus be
T =
1
2
m1v
2
1 +
1
2
m2v
2
2 +
1
2
J1ω
2
1 +
1
2
J2ω
2
2
=
1
2
m1
(
l2B
(
ϕ˙+
1
L
(y˙2 − y˙1)
)2
+ y˙22 + 2lB y˙2
(
ϕ˙+
1
L
(y˙2 − y˙1)
)
cos
(
ϕ+
1
L
(y2 − y1)
))
+
1
2
m2
(
lF
L
y˙1 +
lR
L
y˙2
)2
+
1
2
J1
(
ϕ˙+
1
L
(y˙2 − y˙1)
)2
+
J2
2L2
(y˙2 − y˙1)2
where J1 is the inertia of the boom with bucket and load, and J2 is the inertia of the body.
The total potential energy of the system can be expressed as
U =
1
2
c1y
2
1 +
1
2
c2y
2
2 +m2gym2 +m1gym1
=
1
2
c1y
2
1 +
1
2
c2y
2
2 +m2g
(
lF
L
y1 +
lR
L
y2
)
+m1g
(
y2 + lB sin
(
ϕ+
1
L
(y2 − y1)
))
Since there are three generalized coordinates there are also three Lagrangian equations
to solve. Each of these will give a differential equation. The differential equation for the
generalized coordinate y1 is found to be
d
dt
(
∂L
∂y˙1
)
− ∂L
∂y1
= F1(
m1
(
lB
L
)2
+m2
(
lF
L
)2
+
J1
L2
+
J1
L2
)
y¨1
+
(
−m1
(
lB
L
)2
−m1 lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
+m2
lF lR
L2
− J1
L2
− J2
L2
)
y¨2 (2.1)
+
(
−m1 l
2
B
L
− J1
L
)
ϕ¨+ c1y1 +m2g
lF
L
−m1g lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
= F1
The differential equation for the coordinate y2 is
d
dt
(
∂L
∂y˙2
)
− ∂L
∂y2
= F2(
−m1 l
2
B
L2
−m1 lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
+m2
lF lR
L2
− J1
L2
− J2
L2
)
y¨1
+
(
m1
l2B
L2
+ 2m1
lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
+m2
l2R
L2
+
J1
L2
+
J2
L2
+m1
)
y¨2
+
(
m1
l2B
L
+m1lB cos
(
ϕ+
1
L
(y2 − y1)
)
+
J1
L
)
ϕ¨
+m1lB sin
(
ϕ+
1
L
(y2 − y1)
)
×
(
y˙2
L
(
ϕ˙+
1
L
(y˙2 − y˙1)
)
−
(
ϕ˙+
1
L
(y˙2 − y˙1)
)2
− y˙2
L2
)
(2.2)
+m1g
lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
+ c2y2 +m2g
lR
L
+m1g = F2
and for the last generalized coordinate ϕ
d
dt
(
∂L
∂ϕ˙
)
− ∂L
∂ϕ
= M
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(
−m1 l
2
B
L
− J1
L
)
y¨1 +
(
m1
l2B
L
+m1lB cos
(
ϕ+
1
L
(y2 − y1)
)
+
J1
L
)
y¨2 (2.3)
+
(
m1l
2
B + J1
)
ϕ¨+m1glB cos
(
ϕ+
1
L
(y2 − y1)
)
= M
The dampers can just be added to (2.1) and (2.2) yielding the following three differential
equations describing the mechanical system.(
m1
(
lB
L
)2
+m2
(
lF
L
)2
+
J1
L2
+
J1
L2
)
y¨1
+
(
−m1
(
lB
L
)2
−m1 lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
+m2
lF lR
L2
− J1
L2
− J2
L2
)
y¨2
+
(
−m1 l
2
B
L
− J1
L
)
ϕ¨+ c1y1 +m2g
lF
L
−m1g lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
= F1(
−m1 l
2
B
L2
−m1 lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
+m2
lF lR
L2
− J1
L2
− J2
L2
)
y¨1
+
(
m1
l2B
L2
+ 2m1
lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
+m2
l2R
L2
+
J1
L2
+
J2
L2
+m1
)
y¨2
+
(
m1
l2B
L
+m1lB cos
(
ϕ+
1
L
(y2 − y1)
)
+
J1
L
)
ϕ¨
+m1lB sin
(
ϕ+
1
L
(y2 − y1)
)
×
(
y˙2
L
(
ϕ˙+
1
L
(y˙2 − y˙1)
)
−
(
ϕ˙+
1
L
(y˙2 − y˙1)
)2
− y˙2
L2
)
+m1g
lB
L
cos
(
ϕ+
1
L
(y2 − y1)
)
+ c2y2 +m2g
lR
L
+m1g = F2(
−m1 l
2
B
L
− J1
L
)
y¨1 +
(
m1
l2B
L
+m1lB cos
(
ϕ+
1
L
(y2 − y1)
)
+
J1
L
)
y¨2
+
(
m1l
2
B + J1
)
ϕ¨+m1glB cos
(
ϕ+
1
L
(y2 − y1)
)
= M
These differential equations can then be written in the following matrix form.
M(q)q¨+C(q, q˙) +G(q) = Q (2.4)
The matrices have a physical interpretation. M is the mass matrix representing inertia, C
represents centrifugal and coriolis terms andG represents the gravity terms. For non-singular
M the differential equation (2.4) can then be rewritten as
q¨ =M−1(q) (Q−C(q, q˙)−G(q)) (2.5)
for later use.
2.2 Model of Hydraulic System
2.2.1 Hydraulic Circuit
As explained before there are two hydraulic lift cylinders that actuate the angle of the boom.
Since these cylinders are mounted in the same way and have the same characteristics they can
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be modeled as only one cylinder in order to simplify the calculations. Only the parameters
of the cylinder in the model have to be changed in such a way that it coincides with having
two parallel cylinders.
Pressure
Measurement
Cylinder
Reservoir
Diesel
Engine
Hydraulic 
Pump
A
B
Figure 2.3: Sketch of a very simplified hydraulic circuit used for the lift cylinder.
A very simplified schematic picture of the hydraulic circuit for the lift cylinder can be
seen in Figure 2.3. The hydraulic pump is a variable displacement pump which means that
the flow it can deliver is adjustable and it can also run in both directions. This pump which
is of axial piston type is driven by the diesel engine. To raise the boom more oil has to be
pumped from the oil reservoir into chamber A in the cylinder. Outgoing oil from chamber B
of the cylinder will thus automatically return to the oil reservoir. The weight of boom with
eventual load in the bucket will help to lower the boom when that is desired. The pump runs
in this case in the other direction.
In reality there also is a system that keeps the pressure in chamber B constant which is
not shown in Figure 2.3. Only the flow to chamber A is controlled. The pressure in chamber
A is measured which also is the only desired measurement.
2.2.2 Hydraulic Cylinder Model
To actuate the boom of the wheel loader the piston position xcyl can be adjusted by altering
the flow QA which will affect the pressures pA and pB in the chambers. A sketch of a hydraulic
Ap
Bp
AQ BQ
LIQ
LOQ
AA
BA
cylx
extF
FF
Figure 2.4: Sketch of Hydraulic cylinder.
cylinder is seen in Figure 2.4.
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A force balance of the forces acting on the piston can be made resulting in the following
equation.
mpx¨cyl = pAAA − pBAB − FF (x˙cyl)− Fext
The following differential equations describe the oil pressure in the two chambers [5].
p˙A =
E
′
o(pA)
V0A +AAxcyl
(QA(pA)−AAx˙cyl −QLI(pA, pB)) (2.6)
p˙B =
E
′
o(pB)
V0B −ABxcyl (QB(pB) +ABx˙cyl +QLI(pA, pB)−QLO(pB)) (2.7)
The friction in this case is represented by a term of viscous friction as follows.
FF (x˙cyl) = fvx˙cyl (2.8)
The following assumptions are made in order to simplify the model.
• The oil is assumed to be incompressible which means that E′o(p) is constant. For further
use Eo is used to denote the constant for simplicity.
• It is assumed that there are no leakage flows which means that QLI and QLO are zero.
• The friction is assumed to be described well enough with (2.8).
• The impact from the forcempx¨cyl generated from the piston movement is neglected due
to its small magnitude compared to the force generated from the pressure difference
between pA and pB .
• The pressure in chamber B pB is assumed to be constant and thus (2.7) is not needed.
The resulting hydraulic system can then be described by
mpx¨cyl = pAAA − pBAB − fvx˙cyl − Fext
p˙A =
E
′
o(pA)
V0A +AAxcyl
(QA(pA)−AAx˙cyl)
which is a third order system with the pressure pA as output and the oil flow QA as
input.
2.3 Resulting Model of the Wheel Loader
To connect the hydraulic system with the mechanical system two transformations must be
made. The transformations are done in a similar way as described in [5]. First the piston
position xcyl can be expressed in terms of the boom angle ϕ. Secondly the cylinder exerts
a force on the boom which can be transformed into the torque M acting on the joint of
the boom. In these calculations the vehicle inclination β is neglected. An overview of the
interconnected system is seen in Figure 2.5.
2.3.1 Transformation of Boom Angle to Piston Position
A sketch of the mounting of the hydraulic cylinder on the boom is shown in Figure 2.6. From
this sketch the following relation can be derived.
lcyl =
√
(lC sinϕ+ y)2 + (lC cosϕ− x)2 (2.9)
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Mechanics
Transformation
cylx→ϕ
Transformation
Mxp cylA →,
Cylinder
Pump system uAQ
cylx cylx&
M
1F
2F
Ap
11, yy &
22 , yy &ϕ
ϕ&
Figure 2.5: Block diagram of how the sub models are connected.
gm1ϕ
Cl
Bl
x
y
a
cyll
γ
Figure 2.6: Sketch of hydraulic cylinder connected to boom.
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The relation between the piston position xcyl and the total length of the cylinder lcyl is
xcyl = lcyl − l0cyl + x0cyl
where l0cyl is is the length of the cylinder if compressed together and x0cyl is the initial
position of the piston. A function transforming the boom angle to the piston position can
now be defined as follows.
xcyl = fϕx(ϕ) =
√
(lC sinϕ+ y)2 + (lC cosϕ− x)2 − l0cyl + x0cyl
A relation between the derivatives x˙cyl and ϕ˙ is also needed.
x˙cyl =
∂fϕx(ϕ)
∂ϕ
ϕ˙ = fdϕdx(ϕ)ϕ˙ = lC
y cosϕ+ x sinϕ√
(lC sinϕ+ y)2 + (lC cosϕ− x)2
ϕ˙
2.3.2 Transformation of Cylinder Force to Torque
In the sketch in Figure 2.6 the torque M acts at the joint defined by the angle ϕ. The force
F exerted by the hydraulic cylinder is converted to this torque as follows.
M = FlC sin γ (2.10)
where the angle γ can be found using the cosine rule.
l2cyl + l
2
C − 2lcyllC cos γ = a2
Now (2.10) can be rewritten as
M = FlC sin
(
arccos
(
−a
2 − l2cyl − l2C
2lcyllC
))
and simplified with the following rules.
sin(arccosx) =
√
1− x2
cos(x) = cos(−x)
The resulting transformation is then
M = fFM (ϕ)F = lC
√√√√1−(a2 − l2cyl − l2C
2lcyllC
)2
F (2.11)
where lcyl is defined in (2.9). According to the cylinder model presented earlier the cylinder
force F is
F = AApA −ABpB − fvfdϕdx(ϕ)ϕ˙ (2.12)
where the force mpx¨cyl from the piston movement is neglected.
2.3.3 Nonlinear Model
The mechanical and the hydraulic cylinder models are now put together with help of the
transformations derived in the last section. The states of the system have been chosen as
x =
[
x1 x2 x3 x4 x5 x6 x7
]T = [ y1 y˙1 y2 y˙2 ϕ ϕ˙ pA ]T
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giving the following system of differential equations
x˙1 = f1(x) = x2
x˙2 = f2(x)
x˙3 = f3(x) = x4
x˙4 = f4(x)
x˙5 = f5(x) = x6
x˙6 = f6(x)
x˙7 = f7(x) =
Eo
V0A +AAfϕx(x5)
(QA −AAfdϕdx(x5)x6)
where f2(x), f4(x) and f6(x) are defined as f2(x)f4(x)
f6(x)
 = q¨ =M−1(q) (Q−C(q, q˙)−G(q))
according to (2.5). These three expressions will depend on the torque M which is given
in (2.11) and (2.12). The inputs to the system is now the mass flow of oil into the
hydraulic cylinder QA and the two road disturbances F1 and F2.
The parameter values used can be seen in Appendix A.
Chapter 3
Simulation Results with Nonlinear
Model
The computer tool Matlab/Simulink has been used to simulate the nonlinear system. An
S-function has been programmed in C-code to represent the system consisting of an inter-
connected cylinder and mechanical model.
3.1 Validation of Model Against Simmechanics-Model
A mechanical model is built with the Simulink-toolbox SimMechanics [6] in order to be able to
validate the differential equations for the mechanical part of the model. The Simmechanics-
toolbox consists of mechanical parts that can be interconnected forming mechanical systems.
The same cylinder model is used in the Simmechanics-model as in the ordinary model
implemented in an S-function. The two systems are started from the same initial conditions
and receives the same inputs as illustrated in Figure 3.1. The parameter values used in the
simulation are presented in Appendix A.
Simmechanics-
model
S-function-model
AQFF ,, 21
Plot
Apyy ,,, 21 ϕ
Figure 3.1: Validation set up of nonlinear model by comparing simulation results with Sim-
mechanics model.
In Figure 3.2 a comparison between the S-function model and a model built in Simme-
chanics is seen. Sinusoidal road disturbances are introduced on the wheels at different times
and an oil flow is introduced to the hydraulic cylinder in order to move the boom up. The
main dynamics seems to be the same but some small differences exist. One reason for these
difference can be that the horizontal motion of the model derived in this thesis is neglected.
One can see from the plots that the largest difference is for the wheel deflection y1 and this
is also the part of the two models that is allowed to move in horizontal direction, but in the
modeling carried out in the previous chapter it was neglected. This could be one reason for
why the responses do not perfectly coincide.
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Figure 3.2: Validation of nonlinear model by comparing simulation results with
Simmechanics-model. Dotted lines corresponds to the output from the Simmechanics model.
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3.2 Behavior of Nonlinear Model
One can see that the system is stable, which is the case in reality as well. A plot of the states
of the system when a force is introduced for a short while on the front wheel pair is presented
in Figure 3.3, all other inputs are set to zero. Now it can be seen that this has an impact on
all the other states in the system which seems to make sense. It is also experienced in the
real vehicle that it starts to oscillate when road disturbances occur. It can also be seen how
the movement of the boom has an impact on the system in Figure 3.4. In this simulation
experiment an oil flow is introduced for a short period of time to simulate a movement of the
boom. From these figures it seems like there is some kind of relation between the different
states and that it could be possible to control the system states by moving the boom. The
pressure in chamber A pA seems also to be influenced by the other states and this could be
possible to use as the only measurement, as desired.
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Figure 3.3: Plots of state variables when a force is introduced on the front wheel pair.
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Figure 3.4: Plots of state variables when a flow to the cylinder is introduced for a short while
to move the boom.
Chapter 4
Definition of Test Scenario
In this chapter a test scenario for the wheel loader is defined which is used for comparing
different control strategies in the coming chapters. The test scenario is also in later chap-
ters used to compare how different controllers perform. A realistic angle for the boom is
defined and a simplified model for a road disturbance is derived. The aim of the stabiliza-
tion is expressed in system variables so the performance of different control strategies can be
compared.
4.1 Boom Angle and Load
For simplified analysis of the system and control design it makes sense to first investigate a
linearized system around one operating point. The bucket is normally kept very low during
transport so that the driver can see the road and the load. Therefore for further investigations
it is assumed that the boom is kept at an angle of ϕ = −pi/8 = −22.5◦ according to Figure 2.1.
This means that the hydraulic lift cylinder is almost fully compressed.
The weight of the boom is said to be m1 = 2000 kg in further experiments. In reality
this corresponds to a load in the bucket.
4.2 Road Disturbance
How road disturbances look like are not easy to know since a wheel loader can travel in very
different terrains. In this thesis the scenario is that the wheel loader travels over a step like
in Figure 4.1. The speed of the wheel loader is defined to v = 15 km/h and the step height
is yr = 5 cm.
The road disturbance input to the wheel loader model is a force so the scenario above
has to be translated to a force that first acts on the front wheel and then on the rear wheel
some time instance later depending on the velocity of the vehicle.
A single wheel traveling over a step is studied below and can be seen in Figure 4.2. Even
if the road profile looks like a step it does not mean that the wheel moves up instantaneously,
the wheel loader needs to travel a distance xr before it is fully lifted up. The horizontal
distance xr can be found by using the equation of the circle
r2 = (r − yr)2 + x2r
where r = 0.55 m is the radius of the wheel and yr = 0.05 m is the height of the step. The
distance xr can in turn be used to find the time of the movement.
tr =
xr
v
The trajectory the center of the wheel travels is modeled with a sine wave, see upper part
20
4.2. ROAD DISTURBANCE 21
v
Figure 4.1: Road disturbance scenario.
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Figure 4.2: Road disturbance scenario for one wheel.
22 4.3. PERFORMANCE MEASURE
0 0.01 0.02 0.03 0.04 0.05 0.06
0
0.02
0.04
0.06
Movement of Wheel
[m
]
[s]
0 0.01 0.02 0.03 0.04 0.05 0.06
−4
−2
0
2
4
x 105 Force acting on Wheel
[N
]
[s]
Figure 4.3: Trajectory of vertical wheel movement in upper plot. Corresponding disturbance
force acting on the wheel presented in lower plot.
of Figure 4.3. The reason for this is that the main force contribution is said to be modeled
by F (t) = mrh¨(t), where the second derivative h¨(t) of the current height is easy to calculate
when a sinusoid is chosen to model the trajectory. It is also good to have a trajectory that has
a continuous derivative so that the second derivative which corresponds to the acceleration
is not infinite. The weight mr is for simplicity chosen as
mr =
1
2
(m1 +m2)
so that it will be the same force that acts on both the rear and the front wheel.
The trajectory of the movement of the wheel is modeled with h(t) and can be seen in the
upper part of Figure 4.3.
h(t) =
1
2
yr sin
(
pi
tr
t− pi
2
)
+
1
2
The road disturbance force can thus be modeled as
F (t) = mrh¨(t) = −12mryr
(
pi
tr
)2
sin
(
pi
tr
t− pi
2
)
which is shown in the lower part of Figure 4.3.
4.3 Performance Measure
The goal of the project was to see if the comfort for the driver could be increased and if
the oscillation of the bucket could be reduced. These goals are below expressed in system
variables.
The comfort for the driver can be increased by trying to control the rear wheel deflection
y1 so that it will keep a constant value. The reason for why y1 is chosen is that the driver
sits quite close to the rear axle. The driver is also affected by the angle of the vehicle β so
the oscillations in β should also be kept small. The angle β depends on both y1 and y2 so
the best would be to be able to damp all oscillations in both wheel deflections y1 and y2.
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The stabilization of the bucket can be achieved by reducing the oscillations of the vertical
movement yB of the bucket which is defined by
yB = y2 + LB sin(ϕ+ β)
where LB is the length of the boom.
To sum up the desired behavior of the system the following system states should be
damped.
Driver Comfort: y1, β
Bucket Stabilization: yB
Chapter 5
Analysis of Linearized Model
In this chapter the derived nonlinear model is linearized around the operating point defined
by the boom angle in the previous chapter. The linearized model is represented on state-space
form as follows.
x˙ = Ax+Bu
y = Cx
The equilibrium point is fully defined by the angle of the boom ϕ0 = −pi/8, and the point can
be found from the differential equations of the mechanical and hydraulic system by setting
all derivatives to zero.
The resulting linearized model has system matrices with a mixture of extremely large and
small values, which in some cases lead to numerical problems in further calculations. Scaling
of the linear system is thus carried out and is shortly described in Appendix B.
5.1 Input-Output Analysis
It is useful to have knowledge about the system from its input to its output when a conven-
tional control method is considered where only the pressure is controlled. A pole zero map of
the system from input QA to available output pA is seen in Figure 5.1. The rightmost pole
and zero are very close to each other which better can be seen in the right part of the plot.
A bode plot of the flow input QA to the pressure pA is presented in Figure 5.2. Two peaks
in the magnitude plot are seen which show the eigenfrequencies of the system. These could
correspond to the dynamics of the wheels and the hydraulic cylinder. In the beginning the
system behaves as an integrator and also in the end.
It could also be interesting to see if the system characteristics is much changed with the
load in the bucket. In Figure 5.3 it is shown how the system changes for different weights of
the boom. The eigenfrequencies are much more distinct for a higher weight of the boom.
5.2 Controllability
If the other states x of the system apart from the measured pressure pA is to be controlled it
is very important to know if the linearized system is controllable. If a system is controllable
the system states x can be controlled to an arbitrary value but cannot necessarily be kept at
this value.
By investigating the transfer functions [sI −A]−1B from the input QA to the different
states one can see that there is no pole/zero cancelation. Thus the system is controllable
[10]. This can be verified by the rank of the controllability matrix [16]
rank
[
B AB A2B . . .
]
= 7 (5.1)
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Figure 5.1: Pole/zero map of system from flow QA to pressure pA. The model is linearized
at ϕ0 = −pi/8. In the right plot a magnified version of the same pole/zero map is presented.
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Figure 5.2: Bode plot of the flow input QA to the pressure pA. The model is linearized at
ϕ0 = −pi/8.
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Figure 5.3: Bode plot of the flow input QA to the pressure pA for two different weights
of the boom. The solid line is for a boom weight m1 = 500 kg and the dotted line is for
m1 = 3000 kg. The model is linearized at ϕ0 = −pi/8.
which is equal to the order of the system. This means that the controllability matrix has full
rank and the system is thus controllable.
5.3 Observability
Since it is desired to only use one measurement pA in the control of the system it is also
important to know if the other system states can be observed from the input QA and output
pA.
There is no pole/zero cancelations in the transfer functions C[sI−A]−1 from the states
to the output pA. This gives a sufficient condition to say that the system is observable [10].
This can be verified by the rank of the observability matrix [16]
rank

C
CA
CA2
...
 = 7 (5.2)
which shows that the rank is equal to the order of the system and thus the system is observ-
able.
5.4 Modal Dominance
It is good to know which poles are the most dominant in order to know which poles need to
be moved with a controller. The transfer function from the input QA to the output pA is
investigated. The poles can be seen in Figure 5.1.
To get a quantitative measure of the modal dominance a method described in [3] can be
used. The method takes into account both the transient and steady-state information of the
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system. Also how much the modes are weighted at the output of the system is considered.
Indices are calculated for all poles which indicate how dominant a pole is. It is not necessarily
the slowest poles that are the most dominant. To find the indices the following transfer
function
G(s) =
b0 + b1s+ . . .+ bτsτ
(s− λ1) . . . (s− λn)
representing the system is rewritten in the following way by partial fraction expansion.
G(s) =
J1
s− λ1 + . . .+
Jk
s− λk +
Jk+1
s− λk+1 +
J∗k+1
s− λ∗k+1
+ . . .+
Jk+q
s− λk+q +
J∗k+q
s− λ∗k+q
Ji is the residue corresponding to the pole λi, the asterisks indicate the complex conjugates,
k is the number of real poles and q is the number of conjugate pairs of poles. The modal
dominance indices MDI are then defined as follows by two different expressions depending
on if the pole is real or complex conjugated.
γi = −J1
λi
i = 1, 2, . . . , k
γi = −
Jk+lλ
∗
k+l + J
∗
k+lλk+l
2λk+lλ∗k+l
l = 1, 2, . . . , q i = k + 2l − 1, k + 2l
The complex conjugated poles have equal indices in the above equation. The indices for the
seven poles of the system are shown in Table 5.1. From the indices in the table it can be
seen that all the complex conjugated poles have approximately the same dominance but the
real pole has an index that is very much higher, and is thus clearly the most dominant one.
This also coincides with the traditional approach were it is said that the poles closest to the
imaginary axis are the most dominant.
λ1,2 λ3,4 λ5,6 λ7
γ 9.0611× 108 1.07× 108 6.7764× 107 2.6276× 1024
Table 5.1: Modal dominance indices MDI for the poles of the wheel loader model. Poles
number 1-6 are complex conjugated and pole number 7 is real.
5.5 Root Locus Analysis
C P
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ApAQ
Figure 5.4: Block diagram of root locus design. C is the controller and P is the process.
In this subsection investigations are made to see how easy it is to design a controller for
the process. A controller denoted with C as in Figure 5.4 can be designed by placing poles
and zeros of it and then adjusting the gain so that the poles of the closed loop system will
move to a place which satisfies the design goal. The simplest example is to have only a
constant negative feedback as a controller, which means that C is a constant. In Figure 5.5
a root locus plot of such a system can be seen. A zoomed in version of this can be seen in
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Figure 5.6. The lines show where the poles of the open loop system will move when the loop
is closed with the negative feedback. The higher the gain is the more the poles will move.
From this figure it can be seen that it is not easy to do a good control even if adding more
poles and zeros to the controller since the zero is so close to the pole near the origin.
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Figure 5.5: Root locus diagram for negative feedback of the linearized model of the wheel
loader from input QA to output pA.
The most dominant pole of the system is the one closest to the origin as showed by
previous analysis. This could make the system too slow if it is to near the origin. One
could place the poles of the controller in such a way that the pole actually will move further
away than the zero. One example is shown in Figure 5.7 where a pole in the controller is
placed between the pole and zero near the origin. One can see that it does not do a lot of
difference since the pole cannot be moved that much. One could also imagine to put poles
of the controller in the right half plane and then move the poles further to the left with a
satisfying gain. Such an approach is not very good since it requires a very accurate model to
have a good performance and in worst case the system gets unstable.
Another idea which has not been investigated is to accept the slow response of the near
origin pole and dynamically trying to correct the loop behavior resulting from the other poles.
For that purpose a high order controller could be used whose poles/zeros has to be placed
appropriately. The robustness of such a controller should then be investigated with respect
to model variations and choice of operating point.
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Figure 5.6: Root locus diagram for negative feedback of the linearized model of the wheel
loader from input QA to output pA. Only zeros and poles close to origin are shown.
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Figure 5.7: Root locus diagram for the open loop system with a pole added to the controller.
Only the poles/zeros close to the origin are shown.
Chapter 6
Control of Wheel Loader
Figure 6.1 shows a block diagram of the control system. The aim is to control the variables
y1, y2 and ϕ so that the desired result is achieved. These variables are not measurable so
a first idea to control the system is to do a simple feedback control from only the pressure
measurement pA and the input oil flow QA and see if also the other states are being damped
automatically. The aim is to realize a control algorithm that only needs the measurement of
the pressure pA.
Limitations of the mass flow to the hydraulic cylinder is investigated in this chapter to
see under which limits the flow must be kept in order to be realizable. A simple P-controller
representing the design of conventional controllers have been tested to show its performance.
Later more advanced controllers where the poles of the closed loop system can be arbitrarily
placed are considered. State-feedback control is considered to see what is possible to do with
full state information. Since not all states are measurable a state observer is designed and
tested in simulation to see how good it performs with road disturbances introduced. Also a
better version of an observer which also estimates the road disturbances is investigated. The
road disturbances can thus also be used for feedforward control. Lastly, the performance of
an H∞-controller is investigated.
Wheel Loader
Controller 
with Ideal 
actuator
Ap
ϕ
2y
1y1F
2F
AQ
Figure 6.1: Block diagram of control system.
6.1 Limitations of the Flow to the Cylinder
The control signal to the simplified system is the oil flow to the cylinder QA. This flow has
limits because of the pump delivering it. The pump mounted on the wheel loader can deliver
the following flow
q = Vgnd
30
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where q is the flow, Vg is the volume that the pump outputs per rotation and nd is the
rotational speed. For the actual pump the volume is Vg = 2× 0.0028 m3 and the rotational
speed nd of the diesel engine is limited to 2300 rpm. So if nd = 2000 is used the maximum
flow delivered is
q = 2× 28× 10−6 × 2000
60
= 0.0019 m3/s
This value is used as a limit in further investigations. In reality also the bandwidth of the
pump is limiting and needs to be considered. But in order to do this more modeling of the
pump would be needed and identification of what the bandwidth really is.
6.2 Conventional Control
A simulation with the controller set in Figure 5.4 to C = 1 is shown in Figure 6.2 where the
system is simulated with the test scenario defined in an earlier chapter. It can be seen that
the pressure is damped well and also the front wheel deflection is damped quite well when
damping the pressure. But one should take into account that the control signal QA is very
much too high and is not realizable. When the gain of C is lowered so that the control signal
is kept within limits the performance is much worse as can be seen in Figure 6.3.
It can be seen from the simulations of the P-controllers that it is possible to damp the
oscillations of the bucket but the gain of the controller needs to be so high that the limits of
the oil flow QA are exceeded.
6.3 State-feedback Control
From the previous section and the root locus analysis in Section 5.5 it is seen that it is
not easy to get a satisfying results with a conventional control strategy. Therefore a state-
feedback controller has been designed to get an idea of what is possible to control and if the
requirements of the limitations of the input QA can be fulfilled. The benefit of the state-
feedback controller is that the poles of the closed loop system can be placed at an arbitrary
location. The state-feedback controller is designed with the so called LQR method [4] which
is a good choice since it guarantees at least 60◦ phase margin and infinite gain margin. In
addition to these benefits one can also decide how the internal states of the system should
behave.
A block diagram of the the state-feedback controller is seen in Figure 6.4.
6.3.1 Design of State-feedback Controller
The LQR method produces an optimal state-feedback controller u = QA = −Lx such that
the cost function
J =
∫ ∞
0
xTQx+ uTRu+ 2xTNu dt (6.1)
is minimized. The matrix Q is a positive definite weight matrix with which the states x
can be penalized. The positive definite matrix R is used for penalizing the control signal u.
Relations between x and u are penalized with the matrix N. In this case u and R are scalars
since only one control input QA exists and N is set to zero. Depending on what states are
considered to be important to control, different weights can be put on each states.
Since the system is scaled, according to description in Appendix B, one has to take this
into account when the weights are set in the Q matrix. In (6.1) the Q acts on the balanced
state variables and if this is to be interpreted as the physical correspondences the following
expression is helpful.
xTQx = (Txo)TQTxo = xoTTTQTxo
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Figure 6.2: P-controller used to stabilize pressure, the gain is to high so the control signal is
out of limits. Dotted lines correspond to the uncontrolled system.
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Figure 6.3: P-controller used to stabilize pressure, the gain is adjusted so the control signal
is within limits. Dotted lines correspond to the uncontrolled system.
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Figure 6.4: Block diagram of state-feedback control.
where T is the matrix transforming the states to the scaled states and xo is the original
states. Now it can be seen that Q can be chosen as
Q = (TT )−1QoT−1
where Qo contains the weights corresponding to the original state units.
Comparisons between the uncontrolled and the controlled system performance are made
on the test scenario defined in an earlier chapter.
The weight matrices are chosen according to Bryson’s rule [11] which says that they can
be chosen as follows.
Q = diagonal
[
1
x21,max
.. 1x2n,max
]
R = ρ× diagonal
[
1
u21,max
... 1u2n,max
]
where xi,max is the maximum desired deviation of the state from the equilibrium point. The
maximum desired control signal is defined by ui,max, in this case there only is one control
signal u = QA. The parameter ρ is a tuning parameter.
A lot of experiments have been carried out with different combinations of the weights to
see what is possible to do. The following can be stated.
• Putting only weight on the rear wheel deflection y1 is the best way to increase the
comfort for the driver.
• Putting only weight on the front wheel deflection y2 is the best way to damp the
oscillations yB of the bucket.
• It is not easy to damp both wheel deflections y1 and y2 at the same time in a good
satisfying way. This means that it is not possible with this control method to achieve
both comfort for the driver and bucket stabilization.
6.3.2 Control with full State Information
Results from the simulation where weight is put on the rear wheel deflection y1 only can be
seen in Figure 6.5. The Qo matrix is set as a diagonal matrix with weights on the diagonal
element corresponding to the wheel deflection y1. The limitation of the control signal QA
is considered in the choice of the weight R but is multiplied with a factor to reduce its
importance.
Qo = diagonal
[
1/0.0052 0 0 0 0 0 0
]
R = 0.1× 1/0.00192
N = 0
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Figure 6.5: Damping of oscillations due to road disturbance with an LQR-controller. The
focus is on damping the rear wheel deflection to increase the comfort for the driver. Dotted
lines represents the uncontrolled system. The control signal is not within the physical limits
of the flow the hydraulic pump can deliver.
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Figure 6.6: Damping of oscillations due to road disturbance with an LQR-controller. The
focus is on damping the rear wheel deflection to increase the comfort for the driver. Dotted
lines represents the uncontrolled system. The control signal is within the physical limits of
the flow the hydraulic pump can deliver.
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Figure 6.7: Damping of oscillations due to road disturbance with an LQR-controller. The
focus is to damp the front wheel deflection to stabilize the bucket. Dotted lines represents
the uncontrolled system.
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In the diagram one can see what is possible to do with a larger input flow to the cylinder.
It can be seen that the boom moves about 14◦ in order to damp the oscillation in y1. When
the control signal is limited to the realistic flow that the pump can deliver the performance
is much worse which can be seen in Figure 6.6. The weight on the control signal was in this
case changed to R = 9 × 1/0.00192. One can see that the controller slightly reduces the
oscillations in the state y1 but the oscillation in the state y2 is worsened.
In order to stabilize the bucket the experiment shown in Figure 6.7 penalizes the wheel
deflection y2. The following weights are used.
Qo = diagonal
[
0 0 1/0.012 0 0 0 0
]
R = 3× 1/0.00192
N = 0
In the plots it can be seen that the control signal is kept within the flow limits and that the
result is quite good since the bucket oscillations yB are damped.
The problem with this control method is that the states are not measurable. Only the
pressure pA is measurable. For this control method to work the states needs to be estimated
with an observer.
6.4 State Observer
Wheel Loader
Ap1F
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Kalman
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xˆ+
v
Figure 6.8: Block diagram of Kalman filter working as a state observer.
Since the states are not measurable a static Kalman filter [15] is used to estimate the
states. A block diagram of the Kalman filter is shown in Figure 6.8. It is possible to make
an observer since the system is observable from the input QA to the output pA according to
the analysis in the previous chapter.
6.4.1 Design of Observer
In order to design an observer the a state-space system
x˙ = Ax+Bu+Gw
y = Cx+Hw + v
is defined where w is white process noise, v is white measurement noise, G is a matrix
defining the impact of the process noise on the different states and similarly the matrix H
defines the impact of the process noise on the system output. A Kalman estimator for the
above system is defined as follows.
˙ˆx = Axˆ+Bu+K(y −Cxˆ)
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Here K is the Kalman gain that acts on the difference between the measured output y and
the estimated output Cxˆ. The estimator can be rewritten into normal state space form as
˙ˆx = (A−KC)xˆ+ [ B K ] [ u
y
]
yo = xˆ
To find a suitable K the optimal Kalman estimator is calculated by choosing the matrices G
and H and the following covariance matrices.
E[wwT ] = Q E[vvT ] = R E[wvT ] = N
By solving an algebraic Riccati equation the steady state error covariance
P = lim
t→∞E[(x− xˆ)(x− xˆ)
T ]
is minimized.
6.4.2 Performance of Kalman Filter
The Kalman filter is implemented in Simulink and some tests have been made to see if the
observer can measure the states with some measurement noise and some road disturbances.
The Kalman design parameters are set as follows.
G = I
H = 0
Q = 0.1× I
R = (0.05× 106)2
N = 0
The noise covariances in Q are set to the same value which makes sense since the system is
balanced. The factor 0.1 is added to tune the performance which will be a trade-off between
having a good tracking ability and not a too noisy estimation. The matrix R is chosen as
the variance of the measurement noise which is said to have a standard deviation σ of about
5% of the amplitude of the pressure signal. With this configuration of the Kalman design
parameters the performance of the observer is compared to the real states of the system and
is seen in Figure 6.9. The input flow QA is a sine wave and some measurement noise v is
added to the measured output pA.
As another experiment some disturbance forces are introduced on F1 and F2 to see how
well the observer still can track the real states. The result of the test is seen in Figure 6.10.
In this simulation the Kalman filter is the same and the input QA to the system is the same
as in the last experiment. A sinusoidal disturbance force F2 is added to the front wheel to
see how the observer performs. One can see in the plots that the observer is not very good
at tracking the real states. It is obvious that there should be some kind of performance loss
when the road disturbances comes because the Kalman filter has no knowledge of them and
it is not possible to include F1 and F2 in the Kalman design since they are not measurable.
The observer is connected with the previously designed state-feedback controller to see
how the closed loop performance is influenced by the road disturbances. The controller that
considers bucket stabilization is used and the result of this is seen in Figure 6.11. It is seen
that marginally improvements are achieved of the bucket stabilization. When considering the
driver comfort it was not possible to improve. The Kalman filter is thus inferior in estimating
the states when disturbances are acting on the system.
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Figure 6.9: Observed states from Kalman filter compared to real states. Noise has been
added to the measured variable.
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Figure 6.10: Observed states from Kalman filter compared to real states. Road disturbances
are acting on the system.
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Figure 6.11: Observer connected with LQR controller to see how the closed loop performance
is worsened. The focus in on stabilizing the bucket.
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6.5 Unknown Input Observer
The ordinary static kalman filter did not work very well when road disturbances are acting
at the system. It is desired to have an observer that can observe systems with unknown
inputs in order to use a state-feedback control strategy. Experiments with conventional
disturbance observers, where the disturbances are treated as additional states of the system
with zero dynamics, did not work since the resulting system was not observable, not even
when additional measurements were considered. In the following subsections the design
procedure of a so called unknown input observer UIO is presented together with closed loop
performance with a state-feedback controller with feedforward.
6.5.1 Design of Observer
The unknown input observer used in the thesis can estimate both the states and the unknown
inputs which in this case corresponds to the two road disturbances. The system can be
rewritten as
x˙ = Ax+Bu+Bdd
y = Cx (6.2)
where the inputs are divided into the known and unknown inputs
u = QA
d =
[
F1 F2
]T
In order to be able to design such an observer the following condition must be fulfilled
according to [8] and [9].
rank(CBd) = q
rank(Bd) = q
q ≤ m (6.3)
where q = 2 is the number of unknown inputs and m is the number of measurements y.
The last inequality tells that there should be at least as many measurements as unknown
inputs. In this case when the system is not asymptotically stable there has to be an additional
measurement. This means that the observer needs three measurements m = 3.
For the continuous time system in question the first condition in (6.3) is not fulfilled.
However, when the system is represented in discrete time all the conditions in (6.3) will
be fulfilled. The discretization is done with a sampling interval h = 0.01 with respect to
being able to estimate the high frequency road disturbances defined in the test scenario. The
discretization of a state-space model is shortly described in Appendix C.
The discrete version of (6.2) is
x(k + 1) = Φx(k) + Γu(k) + Γdd(k)
y(k) = Cx(k) (6.4)
which in this case fulfills the necessary conditions in (6.3).
The idea of the design which is described in [7] and [8] is that transformations of the
states of the system are done in such a way so that the system can be divided into two sub
systems. One sub system that has the same order as the number of unknown inputs and
which is influenced by the unknown inputs, and one sub system which contains the rest of the
states and are completely decoupled from the influence of the unknown inputs. An observer
can be designed for the system not influenced by the unknown inputs and then the rest of
the states can be calculated by having extra measurements. When all states are known the
unknown inputs can also be derived. This procedure is illustrated in Figure 6.12. In this
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Figure 6.12: Block diagram of how the unknown input observer estimates the states and the
unknown inputs.
case were the total system is of order seven it will mean that there is a second order system
that is influenced by the road disturbances and a fifth order system that is not influenced by
the road disturbances. After the transformation the system is described by[
x1(k + 1)
x2(k + 1)
]
=
[
Φ11 Φ12
Φ21 Φ22
] [
x1(k)
x2(k)
]
+
[
Γ1
Γ2
]
u(k) +
[
I
0
]
d(k)
y(k) =
[
C1 C2
] [ x1(k)
x2(k)
]
(6.5)
where the states x1 corresponds to the second order system and the states x2 to the fifth
order system. The transformation that achieves this separation will be
Tx =
[
Γd+
Ker+(Γd)
]
where the + denotes pseudo-inverse and Ker denotes kernel or the null-space [13] of a matrix.
The above expression for the null-space can be rewritten as follows.
Ker+(Γd) = Ker(ΓdT )T
The next step is to eliminate the state variable x1 from the second sub system by replacing
it with output measurements. This can be done with the following transformation of the
output.
Ty =
[
Ty1
Ty2
]
=
[
C1+
Ker+(C1)
]
The output equation can then be divided into the following two parts.
y1(k) = Ty1y(k) = x1(k) +Ty1C2x2(k)
y2(k) = Ty2y(k) = Ty2C2x2(k) (6.6)
The states x1 can now be eliminated and the following fifth order system is achieved
x2(k + 1) = Φˆx2(k) + Eˆy(k) + Γu(k)
y2(k) = Cˆx2(k)
where
Φˆ = Φ22 −Φ21Ty1C2
Eˆ = Φ21Ty1
Cˆ = Ty2C2
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For this system an observer can be designed since the system is fully observable as shown
below with the full rank observability matrix.
rank

Cˆ
CˆΦˆ
CˆΦˆ
2
...
 = 5
A static Kalman filter has been designed to observe the states according to the design pro-
cedure mentioned in Section 6.4. The covariance matrices and other design parameters have
been chosen as
G = I
H = 0
Q = 0.1× I
R = 0.1
N = 0
where the covariance matrices above are defined in the physical state units and should also
be transformed with the following transformations
QT = TxQTTx + EˆREˆ
T
RT = Ty2RTTy2
where QT and RT are the transformed covariance matrices that can be used to design the
Kalman filter. It should be noted that the matrix TxQTTx is of dimension 7 × 7 but only
the first five rows and five columns should be considered as the Kalman filter is designed for
a system of order five.
The measurements y that are used are the pressure pA, and the two wheel deflections y1
and y2. It seems to be important that the wheel deflections are measured. Without these
measurements the result is severely worsened.
The first equation in (6.6) can be used to get an expression of x1. This can be used to
get the following full state estimation.
xˆ(k) = Tx−1
[
y1(k)−Ty1C2xˆ2(k)
xˆ2(k)
]
Now when all the states x(k) are known together with the input u(k) = QA(k) of the
system it is possible to also calculate the unknown inputs d(k). From the system described
in (6.5) the following expression for the unknown inputs is derived.
dˆ(k) = xˆ1(k + 1)−Φ11xˆ1(k)−Φ12xˆ2(k)− Γ1u(k)
From this expression it can be seen that in real time estimation of the unknown input the
estimate will be delayed with one sampling period.
A simulation result with the unknown input observer can be seen in Figure 6.13. A
sinusoidal oil flow QA is introduced and some measurement noise. It can be seen that all the
states are estimated very well together with the road disturbances.
6.5.2 State-feedback Control with Feedforward
The unknown input observer described in the previous section delivers estimates of the road
disturbances. These estimates can be used to add a feedforward term to the state-feedback
controller design in Section 6.3. The control strategy is illustrated in Figure 6.14.
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Figure 6.13: Simulation of unknown input observer in order to see how the observer performs
on the test scenario. Dotted line are real states and solid line estimated states.
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Figure 6.14: Block diagram of how the estimated road disturbances can be used as a feed-
forward term together with a state-feedback controller.
The control law
u(k) = −Lx(k)− ΓFdˆ(k)
is introduced where the first term corresponds to the state-feedback and the second term is
the feedforward part. When the control law is inserted in (6.4) the following expression is
obtained of the closed loop system.
x(k + 1) = Φx(k)− ΓLx(k)− ΓΓFdˆ(k) + Γdd(k)
From the above closed loop system one can see that the influence of the road disturbances
can be eliminated if the estimate of d is sufficiently good and the following is true.
ΓΓF = Γd
The matrix ΓF is therefore chosen as the solution to the above equation.
The state-feedback controller is designed with the same LQR methodology as in Sec-
tion 6.3 with the difference that it is designed in discrete time. The controller has been tried
in simulation with the aim to increase driver comfort, thus penalizing the state y1. In the
discrete design it is noticed that some penalty also has to be put on the boom angle ϕ if
it should return to its original position in reasonable time. Since the weights are put on so
few states the weights are put directly on the balanced systems states without Bryson’s rule
which was used when designing in continuous time. The weight matrices used for increasing
the comfort for the driver are
Q = diagonal
[
1 0 0 0 0.4 0 0
]
R = 2× 107
N = 0
The result of the simulation can be seen in Figure 6.15. The performance is similar to the
performance which was shown with the state-feedback controller with full state information.
It has also been noticed that the feedforward term does not contribute noticeably to the
improvement. One reason for this is that the test scenario has a very high frequency road
disturbance that also will yield a high frequency and high amplitude compensation by the
feedforward which will be saturated in the pump limits.
Another simulation with the focus on stabilizing the bucket is shown in Figure 6.16. The
plots shows that there is an improvement of the bucket oscillation yB . The front wheel
deflection y2 is penalized and in this case also the boom angle ϕ is penalized to make the
boom return to its original position in reasonable time. The weight matrices used are
Q = diagonal
[
0 0 1 0 0.4 0 0
]
R = 5× 108
N = 0
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Figure 6.15: Simulation of state-feedback controller used with unknown input observer. Focus
is on increasing driver comfort. Dotted lines correspond to the uncontrolled system.
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Figure 6.16: Simulation of state-feedback controller used with unknown input observer. Focus
is on stabilizing the bucket. Dotted lines correspond to the uncontrolled system.
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6.6 H∞ Control
H∞ [14] is a method to design optimal controllers just as the LQR method mentioned earlier.
With the H∞ method, knowledge about the disturbances are taken into account and the
system can be made robust against these disturbances. The transfer function from the road
disturbances to the states of the system which is supposed to be minimized can be written
x = TF
where F is the vector containing the two road disturbance forces F1 and F2 and x are the
states of the system that are to be kept at zero. T is a matrix containing transfer functions.
The aim is to minimize the impact of the disturbances on the states and output of the system
and thus T should be kept small. The H∞ method minimizes
‖T‖∞ = sup
ω
σT(jω)
where σ is the maximum singular value of the matrix T. In the case of a SISO-system this
will mean that the peak frequency will be damped or in other words the worst case gain of
the system will be attenuated.
In the design attempts made only the pressure pA is used as a measurement.
Performance objectives of an H∞ controller can be formulated by defining weighting and
scaling functions for different inputs and outputs of the system. The performance block
diagram used for the wheel loader is shown in Figure 6.17. The weights are selected in such
a way so that the following is taken into account.
• relative magnitude of signals
• frequency dependence
• relative importance
The weights Wdist1, Wdist2 and Wn are used to transform and scale the normalized input
signals into their physical units. In the same way the weights Wy1 , Wy2 , Wϕ and Wact are
used to transform and scale the output signals from the physical units into normalized output
signals. More weights can be used in general H∞ design but are not relevant in this case.
Wheel Loader
1distW1F
2distW2F
actW
AQ
1y
W
2y
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ϕW
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W
+nWn y
Figure 6.17: Block diagram of how the system with performance weights for the H∞ method
is defined.
The weights corresponding to the road disturbances are chosen to the magnitude of the
road disturbances as follows to scale the input.
Wdist1 = Wdist2 = 3× 105
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There is assumed to be some white measurement noise with a standard deviation of 5% of
the amplitude of the measurement signal. The weight for the noise is thus chosen as follows.
Wn = (0.05× 106)2
The weight for the control signalWact and the weights for the states have to be set accordingly
depending on what performance goal that is defined.
An experiment is made in order to stabilize the bucket when exposed to the test scenario.
The weights for the front wheel deflection, and the weight for the actuator are chosen as
follows.
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Figure 6.18: Weighting functions used for H∞ design.
When tuning the weights the relative importance between the weights is set so that the
control signal is kept within the flow limits. The cut-off frequencies are tuned in so that the
road disturbances of the scenario can be attenuated. The cut-off frequency of the actuator
weight can be set accordingly to limit the bandwidth. The weighting functions Wy2 and
Wact can be seen in Figure 6.18. The impact that the disturbances have on the states of the
system can be seen in Figure 6.19. From here it is seen that the transfer functions from the
disturbances F1 and F2 to the front wheel deflection are slightly improved at the location
of the eiqenfrequencies. Only the worst case frequencies are thus damped. One can also see
that some of the other states have become more sensitive to the disturbances. An example
is the boom angle ϕ that is more influenced by the disturbances at low frequencies. This
is natural since the movement of the boom is used to compensate for the oscillations in the
front wheel deflection y2.
Simulation results with this controller can be seen in Figure 6.20. Here it is seen that the
control signal is within limits and that the bucket oscillations are reduced.
No improvements have been achieved in the performance when designing a controller to
increase the comfort for the driver which means the state y1 was penalized with a weighting
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Figure 6.19: Stabilizing bucket with H∞ controller. Comparison of the bode diagrams for the
uncontrolled system and controlled system. Dash-dotted lines correspond to the uncontrolled
system.
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Figure 6.20: Stabilizing bucket with H∞ controller. Simulation results. Dotted lines corre-
spond to the uncontrolled system.
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function. Combinations of penalizing several of the states have also been tried in order to
improve the comfort but with no satisfactory results.
6.7 Comments on the Different Control Strategies
A comparison between the different control strategies when bucket stabilization is considered
can be seen in Table 6.1.
Conventional will yield a too slow controller or a system that is very sensitive
to model uncertainties and disturbances
LQR + Observer will give a slight improvement but is very sensitive to road distur-
bances
LQR + UIO will give an improvement of the bucket stabilization but two ad-
ditional measurements are needed apart from the pressure mea-
surement in the hydraulic cylinder
H∞ will give an improvement and only needs the pressure measure-
ment.
Table 6.1: Comments on the different control strategies when bucket stabilization is consid-
ered.
A comparison between the different control strategies when driver comfort is considered
can be seen in Table 6.2.
Conventional will yield a too slow controller or a system that is very sensitive
to model uncertainties and disturbances
LQR + Observer will give no noticeable improvement due to sensitivity to road
disturbances
LQR + UIO will give an improvement of the driver comfort but two additional
measurements are needed apart from the pressure measurement
in the hydraulic cylinder
H∞ will give no noticeable improvement
Table 6.2: Comments on the different control strategies when driver comfort is considered.
6.7.1 Comments on Feedforward
A few comments can be given about the feedforward control investigated in the previous
subsection. Even if the road disturbances were smoother so that the compensation from
the feedforward part would not saturate in the oil flow limits of the hydraulic pump, the
compensation would probably not be desirable. If one imagines that the feedforward would
work perfectly and cancel the influence of the road disturbances a totaly stiff system would
be achieved. The wheel deflections and other states of the system would be kept at a constant
value all the time which means that the tires would not absorb any of the road disturbances.
In an optimal case the tires should actually absorb the road disturbances and only the
oscillations after the road disturbance has disappeared should be damped by a controller.
Therefore it probably does not make any sense introducing the feedforward part since it
could worsen the performance at least for the driver comfort.
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6.7.2 Comments on Achieving Both Aims of the Thesis
None of the methods tested improve both driver comfort and bucket stabilization more than
marginally at the same time according to the performance measure defined previously. Intu-
itively this makes sense that both goals cannot be achieved since there only is one actuator
and if the two objectives are not closely related it would not be possible to do both. The best
attempt to achieve both the aims is to damp the bucket oscillations and thus the front wheel
deflection y2 will be less oscillating which also leads that the angle of the vehicle β oscillates
slightly less. Although the oscillation of the rear wheel deflection y1 will slightly increase.
Chapter 7
Conclusion
7.1 Summary of Results
The thesis has given some insight in what could be done in the matter of bucket stabilization
and increase of driver comfort by using the available components of a typical wheel loader.
The results of the thesis can be summarized with the following key messages.
• Bucket stabilization is an easier problem than increasing comfort for the driver.
• The pump actuator is very limiting when trying to achieve both driver comfort and
bucket stabilization, especially for high frequency disturbances as defined in the test
scenario.
• Conventional controllers, like PID-type, have very limited performance.
• State-feedback works but the conventional observer is sensitive to disturbances which
leads to that the closed-loop performance is significantly reduced.
• A conventional disturbance observer where the disturbances are treated as additional
states in the system description is not applicable since the structure of the system
makes the resulting system unobservable.
• The unknown input observer delivers good estimates of both states and disturbances
but needs additional measurements.
• To increase driver comfort more measurements are needed. This is due to the fact that
the only really improvement for the driver comfort was achieved with the state-feedback
controller together with the unknown input observer.
7.2 Further Work
There is still a lot to investigate in the subject. Some suggestions are listed below.
Modeling of Hydraulic Pump System In the thesis an ideal hydraulic pump has been
considered. To get a more realistic model of the whole system the pump should be
modeled. Then the bandwidth limits and magnitude limits of the pump also will be
considered.
Modeling of Tilting Cylinder Dynamics The hydraulic cylinder that tilts the bucket
should be modeled and considered in the control design in order to see if improvements
can be made. Intuitively it makes sense to add an extra actuator to the design since
there are two design goals but only one actuator modeled at the moment.
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Validation with Real Vehicle When the necessary parts of the vehicle are modeled the
resulting model should be validated on the real vehicle. This would give an answer to if
really all important dynamics are modeled. It would also allow for testing of different
control strategies on the real vehicle. Evaluation of the driver comfort should be made
in the real vehicle since it is not easy to define a good measure that really tells what is
good comfort and what is not.
Identification and Validation of more Test Scenarios In this thesis only one test sce-
nario is derived, in an approximative way. It would make sense to derive more realistic
test scenarios from measurement data. Investigations should also be done to find what
disturbance types are common. It is maybe not so common to drive over steps like
suggested in the test scenario. One could imagine that much more smooth road dis-
turbances are common. A suggestion would be to develop a model of the wheel loader
that has the height of the road surface as input to the model and then different road
surfaces could easily be simulated and controllers evaluated.
Nonlinear Control Strategies If the problem turns out to be solvable with the existing
design of the wheel loader it would also make sense to consider nonlinear control. At
the moment the model and controller are only linearized and designed for a certain
driving mode, with the bucket kept down near to the ground. Even though this is the
normal case, it could in reality happen that one of some reason needs to drive with
the bucket in some other position and also move the bucket during the drive. For this
purpose it is suitable to have a nonlinear control strategy.
Deriving Measurements of the Wheel Deflections Investigations should be made to
see how the wheel deflection could be measured. The wheel deflection which means
the change of radius of the wheels is not easy to directly measure. By measuring some
other quantity, for instance the pressure in the wheels, these could be estimated.
Influence of Different Loads The influence of having different loads in the bucket should
be considered as well. It should be investigated if a controller can be made that robust so
that the same controller can handle the whole range of different load weights. Otherwise
one could imagine a controller that is made adaptive through a load sensing system on
the wheel loader.
Energy Consumption The energy consumption of the control system should be investi-
gated in order to see if it makes sense to have an active compensation running all the
time in a wheel loader. If it consumes too much energy another solution should be
considered.
Further Root Locus Analysis It would be interesting to find out if one really needs to
get rid of the near origin pole in the system from input oil flow QA to output pressure
pA as mentioned in Section 5.5. If this is not needed a simpler control strategy could
be used that only moves the complex conjugate poles in order to damp oscillations.
Further investigations of the robustness of such control strategy with respect to model
accuracy should be made.
Appendix A
Model Parameters
The parameter values shown in Table A.1 are used for the model during the simulations. The
values corresponds to the real parameter values of the wheel loader except for the inertia J1
of the boom which is calculated from the form of the boom neglecting that the load in reality
changes the inertia. Also the center of gravity of the boom would in reality move when more
load is added.
Parameter Value
g 9.81
E0 1690000000
V0A 2× 3.1809× 104
AA 2× 0.0064
AB 2× 0.0035
pB 30× 105
fv 2× 120000
m1 2000
m2 5000
L 2.25
lF L× 3/4
lR L× 1/4
LB 2.31
lB LB/2
lC 1.1
c1 2× 700000
c2 2× 700000
d1 2× 15000
d2 2× 15000
x 0
y 0.4
l0cyl 0.85
x0cyl 0.097
J1 895
J2 2.5260× 103
Table A.1: Parameter values for simple wheel loader model. All parameters are in SI-units.
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Appendix B
Scaling of a Linear System
The linearized system matrices have extremely small values and extremely large values mixed
which makes the system poorly scaled. The system matrices are balanced with a diagonal
similarity transformation matrix T. The computer aid Matlab and the command ssbal has
been used to achieve this. The algorithm tries to find T so that the matrix[
TAT−1 TB
CT−1 0
]
has approximative equal row and column norms. The new system matrices and states will
then be as follows.
An = TAT−1
Bn = TB
Cn = CT−1
Dn = D
xn = Tx
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Appendix C
Discretization of Linear System
A state-space system of the type
x˙(t) = Ax(t) +Bu(t)
y(t) = Cx(t)
is discretized assuming zero-order hold to the following system according to [4]
x(k + 1) = Φx(k) + Γu(k)
y(k) = Cx(k)
where
Φ = eAh
Γ =
(∫ h
τ=0
eAτdτ
)
B
where h is the sampling period.
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